Abstract
Introduction
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Our daily lives increasingly depend on a well-functioning global food production and 99 delivery system. With rapid population growth in some regions, demographic and geo-100 political change, set against changing climate patterns and extremes, resilience of global 101 food supply is paramount. Even small shocks early in the supply chain can amplify through 102 the global agri-food system impacting people who are geographically distant from the 103 disturbance (Puma et al., 2015; Suweis et al., 2015) . For example, a drought period in 104 2007-08, coupled with low stocks and export restrictions, led to food price inflation 105 sparking food riots in many places (Berazneva and Lee, 2013; Galtier, 2013) . Significant 106 crop (and post-harvest) losses due to weeds, invertebrate pest and disease outbreaks have 107 continued over the last 40 years, despite increased use of pesticides (Oerke, 2005; Stokstad, 108 2013). Additionally, many countries have reached the limit of available land suitable for 109 agricultural, with significant areas of this land now so degraded that returning it to 110 productivity will be both difficult and costly (Smith, 2013; Strassburg et al., 2014) . Without 111 adaptive changes to the global agri-food system, climate change is expected to reduce crop 112 accessibility for consumers in developing countries, and sourcing products or ingredients 135 from producers around the world. We highlight 10 practical recommendations to improve 136 resilience in food supply systems to a range of threats. The conceptual foundations of 137 resilience in ecology are often applied to agro-ecosystems (text box 1), and here we use that 138 foundation to explore ways in which we can reduce production variability. One of our main 139 conclusions is that implementing certain intervention strategies at the landscape-scale is 140 necessary to achieve the desired outcomes. 
Characteristics of our current global food supply system
143
The food supply chain consists of many inter-connected stakeholders (producers, 144 processors, packagers, distributors, transportation companies, wholesalers, supermarket 145 retailers and consumers, Fig. 1 ) who will all benefit from, and must contribute to, a more 146 resilient global food supply system. The simplified global food supply chain we currently 147 rely upon exacerbates threats and is potentially highly unstable. This supply chain, which 148 producers around the world deliver into (Fig. 2) , encourages uniform production practices 149 (Allison and Hobbs, 2004 ) that are highly efficient in "good years" but can also be 150 maladaptive under changing conditions (Bennett et al., 2014) . For example, inputs such as 151 pesticides are often used to protect crops from damage, regardless of whether a pest is 152 present, or if the overall risk of pest outbreaks has reduced due to climate change. Changing 153 production practices, to those that are more sustainable using the recommendations we 154 outline below, but may carry more risk for the producer in the short-term. Therefore, it is 155 important that other stakeholders in the chain understand these risks and do not leave it up 156 to producers along to bring about change.
Food retailers occupy a critical point in the food supply chain (Fig. 1) , which makes them 159 highly sensitive to variability in supply, and well-positioned to encourage change of 160 practice across large areas (Burch et al., 2012; Konefal et al., 2005) . There has been a 161 "supermarket revolution" especially in developing countries over the past 20 years
162
(although this has only just started in parts of Africa) (Reardon et al., 2012 waste, and there is growing recognition that despite adequate food production, inequity in 172 distribution ensures that malnutrition persists (Godfray et al., 2010) . However, much of the 173 focus of the global food security discourse has recently been about growing average yields,
174
and has emphasized the role of highly productive, large-scale agriculture systems without 175 much regard to their vulnerability to external shocks (McKenzie and Williams, 2015; Shen 176 et al., 2013) . Thus, our specific focus here is on reducing variability in production as a consequence of changing environmental, social, and market conditions since this variability 178 has the potential to cause significant social and economic impacts (see text box 1).
179
Resilience to threats in our food supply system, we contend, is often crucially related to 180 under-pinning ecological functions that allow for enhanced delivery of ecosystem services 181 within sustainable agri-food system (Bennett et al., 2014; Yachi and Loreau, 1999 arthropods that provide pollination and pest control services (Tscharntke et al., 2005) .
193
Longer-term interventions that improve ecosystem services such as water purification,
194
flood control, and soil erosion prevention also need to be implemented at landscape-scale or 195 greater to achieve the desired outcomes for sustainable food supply (Rodriguez-Loinaz et 196 al., 2015) . Government-directed policy initiatives often struggle to implement change at the ), yet in some countries only a few food retailers sell to consumers (Fig. 1) . This 209 concentration of source products or ingredients from thousands of producers and traders 210 around the world (Fig. 2) , through a limited number of retailers, thus provides an 211 opportunity for them to improve resilience to shocks in food supply. 
Recommendations to improve resilience
214
We highlight 10 recommendations that can be implemented by stakeholders along the 215 supply chain (Fig. 1) , to reduce variability in supply and improve recovery from shocks. (Alliaume et al., 2014; Holland, 2004; Lal, 2004) . The term resilience is used in a variety of contexts but can often be vaguely defined and 522 difficult to quantify. In ecological systems resilience is described as the ability of a system 523 to absorb changes in state variables and so persist after a disturbance (Holling, 1973) . In 524 social-ecological systems, such as agriculture, resilience can be defined as the ability of the 525 system to withstand stress factors while maintaining productivity, and the capacity to learn 526 and adapt (Folke et al., 2010) . Thresholds of disturbance, at which an ecosystem switches 527 to another state, can be used as a measurement of resilience (Standish et al., 2014) . Here we 528 talk about resilience in terms of production variability, and the ability of agro-ecosystems to 529 maintain stability in production levels even in the face of disturbances. The replacement of 530 ecosystem services with artificial inputs such as pesticides, fertilisers, and irrigation is one 531 way to reduce production variability in the short-term. However, these practices come with For our food supply system to be "resilient" it must be able to withstand shocks, or recover 541 quickly from those that occur (Holling, 1973) . Food security is defined as when people, at 542 all times, have access to sufficient, safe, nutritious food to maintain a healthy and active life (FAO, 2008) . A resilient food supply system is therefore critical for delivering food "at all 544 times". The recent global food price spikes have illustrated that the food supply system we 545 currently rely on is fragile (Berazneva and Lee, 2013; Galtier, 2013) and this leads to 546 transitory periods of food insecurity for some, and chronic food insecurity issues for others.
547
At the global-level our food supply system is vulnerable to self-propagating disruptions due 548 to the fact that many countries rely on imports for staple foods and often will stop exporting 549 to other countries during a crisis to protect domestic supply (Puma et al., 2015 
Protect water resources
Production losses from insufficient water supply for crops, food contamination from microbial movement in water, and groundwater pollutants.
Match crops to water availability. Manage soils and habitats to hold water, prevent water loss and mitigate pollution. Build infrastructure for holding and distributing water (e.g. improved irrigation channels, drip systems). Protect riparian corridors by implementing spray buffers, revegetation, and fencing from livestock.
Remove marginal land from high-input production
Loss of customers, shift of customers to other food supply chains.
Invest in conservation interventions -like habitat restoration, traditional farming on non-productive land and in strategies for integrating these interventions across the landscape or within multifunctional landscapes. Financially support conservation interventions aimed at iconic farmland species and habitats (e.g. traditionally managed grasslands). In some contexts low-intensity farming can support biodiversity conservation. Develop habitat conservation interventions that also support the provision of ecosystem services. Improve guidelines on land tenure in marginal lands such that farmers have security to make environmentally sustainable investments (i.e., support mobility).
Use agrochemicals judiciously
Pesticide resistance, loss of natural pest control, unacceptable level of residues on food. High inorganic fertilizer prices.
Encourage farmers to use the appropriate quality and quantity of agrochemicals. Provide training and support for integrated pest management and area-wide management strategies. Interventions to enhance or maintain biodiversity-mediated pest control, such as hedgerows, perennial non-crop habitat in farming landscapes. Educate consumers to recognize and accept cosmetic damage to fresh produce and to focus more on the health and environmental aspects of food.
Encourage
Dwindling or Encourage farm businesses to produce a diversity of crop types Assist in the development of "demand forecasting" strategies for certain agricultural industries. Articulate how these new products differ from existing products (e.g., perennial grain crops).
Support farmers of the future
Farming is not considered an attractive lifestyle or career path, changing demographic trends in many rural areas that we don't fully understand.
Develop policies for negotiating with producers that respects their role as farmers and land-stewards. Ensure that the capability to continue farming in a region is present by sponsoring learning opportunities for champion farmers and promoting other education initiatives. Be aware and knowledgeable of the local context and community attitudes and cultural differences when negotiating with farmers around interventions. Recognise and value the traditional knowledge of some producers. Encourage sustainable land tenure agreements. 9. Identify products that are produced in high-risk regions Disruption to supply by hurricanes, workers strikes, warfare, or production delays from worker shortages, and disease epidemics.
Initiate alternative sourcing for products from these regions, or identify and support local alternative products and incentivize long-term sustainable production practices that support local livelihoods and reduce vulnerability to risks.
Identify products that have significant and costly environmental externalities
Production practices cause resource degradation that undermines stability of production. Product supply dependent on practices harmful to non-target organisms. Consumers avoid products because of Ensure all supply chains are evaluated by retailers and are transparent to consumers. True cost accounting. Identify products sourced from locations with hard trade-offs with the environment. Can these be sourced from a more desirable location or produced in a different way? Encourage an increased use of seasonal local products and wean consumers off year round supplies of certain products. Circulate sustainability advisory lists (as is done with seafood) to indicate which products are the best choices, acceptable, and best to avoid. The provenance of ingredients for a chocolate bar produced in the UK is likely to extend 585 across 4 different continents, based on the major exporting countries for each ingredient.
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Disrupted supply of any ingredient threatens the supply of the entire product, and is hence 587 an incentive for adopting a broadly adaptive resilience framework (see recommendations 9 588 and 10). 
